Abstract: This paper presents a pricing strategy to purchase the demand-side regulation service. Comparing with the traditional automatic generation control (AGC), the demand-side regulation service has lower cost and faster ramp rate, and thus can reduce the cost of the utility company. However, the payments for the demand-side regulation can also increase the cost. Thus, the cost of the utility company should be minimised by making a tradeoff between the demand-side regulation and the AGC. In this study, we formulate a cost minimisation problem considering the two-side regulation services. In general, the cost minimisation problem is nonconvex, and we use the forward method and golden section algorithm to obtain the globally optimal price for the demand-side regulation service. Numerical results demonstrate that the efficiency of the proposed model and the demand-side regulation can reduce the cost to the utility company significantly.
Introduction
Demand response is a promising method to provide regulation service for the power balance under normal conditions. Regulation service is defined by North American Electric Reliability Council (NERC) as the provision of generation and load response capability, which responds to automatic control signals issued by the system operator with actualising around every 4 s (Chown et al., 2000) . Regulation can match the load with the generation continuously, which is controlled by the automatic generation control (AGC) systems (Faria and Vale, 2010) . Traditionally, the AGC is used to provide the regulation service because of the sufficient capacity and flexibility, however, the generation units have high cost and slow ramp rate. Recently, the flexible loads, such as air conditioners, are proposed to provide regulation service due to lower cost and faster ramp rate (Ma et al., 2013a; Eto et al., 2009) .
There exists some works on providing the regulation service by aggregated flexible loads, such as thermostatically controlled loads (TCLs) (Callaway, 2009; Mathieu et al., 2013; Lu and Zhang, 2013; Chassin et al., 2015) and plug-in electric vehicles (PEVs) (Goebel and Callaway, 2013; Ma et al., 2013b; Donadee and Ilic, 2014; Yang et al., 2014; Pavic and Capuder, 2015) . Some technical challenges still exist for the practical application such as the regulation errors (Niyato et al., 2011; Zheng and Parkinson, 2011; Zheng et al., 2013) . To reduce the regulation errors, the pricing mechanism can be used to motivate the consumers to adjust the load and improve the reliability (Wang and Li, 2015; Joung and Kim, 2013) . The real-time pricing strategies were proposed based on the noncooperative game theory to achieve the load curtailment (Yu and Hong., 2016) . The price and capacity competition was proposed for the reserve and regulation markets based on the BertrandEdgeworth competition (Taylor et al., 2012) , which has been widely applied to scenarios in which firms first compete on capacity and then price (Acemoglu et al., 2009 ). The common assumption in the above works is that the market operator knows the desired amount of load adjustment exactly when setting the price for purchasing the demand-side regulation service. In practice, Most of the consumers cannot afford to adjust their loads simultaneously with the fast regulation signals, whereas a forward contract is more attractive to the consumers. During the period of the contract, the price for purchasing the demand-side regulation service is kept constant. In that case, the market operator cannot know the desired amount of load adjustment accurately when purchasing the demand-side regulation service.
In this study, a forward pricing strategy for purchasing the demand-side regulation service is developed based on the distribution of the regulation errors in the direct load control. The novelty of this work is two-fold: First, we propose a forward pricing strategy to motivate the consumers to adjust their loads. Second, we develop a seeking algorithm for the utility company to search for the optimal pricing strategy when the cost function is nonconvex. To the best of our knowledge, this is the first work to consider the pricing strategy for purchasing the demand-side regulation service with the nonconvex cost model.
The rest of the paper is organised as follows. Section 2 models the cost of generating units, the payments for the consumer, and the total regulation cost, and then formulate the cost minimisation problem as a nonconvex optimisation model. Section 3 develops a forward pricing strategy to purchase the demand-side regulation service and gives a forward method and a golden section algorithm to search for the globally optimal price. A case study is given in Section 4, and conclusions are drawn in Section 5.
System model and problem formulation
We consider an ancillary service market composed of generating units, consumers, aggregators, and a utility company, as shown in Figure 1 . The generating units and the consumers can both provide regulation service to the power system, and the aggregators are used to achieve the integration of the flexible loads, e.g., the TCLs.
We consider the direct load control scheme, which employs the TCLs to provide the load following service. Specifically, the utility company measures the temperature settings of the TCLs and publish the control commands periodically to remotely shut down or turn on the TCLs according to the load following signal and the area control error signal. The direct load control scheme causes stochastic errors in the load following when there exist communication errors between the utility company and the consumers (Zheng and Parkinson, 2011; Zheng et al., 2013) . We assume that the consumers can adjust the load to reduce the errors according to the price announced by the utility company. It is intuitive that the cost of generation-side regulation will be decreased with the total load adjustment, which is related to the payments of the utility company. Thus, the utility company needs to make a tradeoff between the generation-side regulation and the load adjustment. We assume that the consumers can respond to the price, and the utility company is responsible for setting the price such that the regulation cost can be minimised.
The regulation cost is composed of two parts: the cost of generation-side regulation and the payments for demand-side regulation. Assuming the error distribution in the load following is f (e), the utility company has to purchase qMW regulation service to guarantee the reliability, i.e., p(−q ≤ e ≤ q) ≥ δ, where 0 < δ < 1 is the reliability index. Then, the regulation cost can be denoted as 
Cost of generation-side regulation
In general, the AGC cost is mainly composed of direct cost and indirect cost. Specifically, the direct cost is related to the equipment status, including the loss of the thermal efficiency of the generating units, the operation and maintenance cost of the generating units, and the service life of the power generation equipment. The direct cost is determined by the structural parameters of the generator itself, which can be considered as a constant coefficient, i.e., p d $/MW an hour. The indirect cost is related to the market price of the electric energy and can be defined as the combination costs of the generating units. The combination costs of the generating units come from the loss in the energy markets. Assuming the cost of the loss is C 0 , the cost of one generating unit to participate in the regulation can be expressed as
where C 0 is the cost of the minimum output required by the generating unit itself, and
represents the direct cost of the generating unit. For convenience, we define
where
It is noted that equation (2) is the cost of one generating unit. If there exist significant forecast errors in the load following, it is required to coordinate the work of multiple generating units in order to realise the balance between power generation and demand in the short term, and the generation cost is the sum of the cost of each generating unit. The relationship between the generation cost of the multiple generating units and the purchase of the AGC service is shown in Figure 2 . 
The cost curve can be approximated as a continuous convex function Z(q − g(p r ), p r ) by connecting the endpoints, i.e.,
where α and β are positive coefficients.
Payments for demand-side regulation service
The consumer can increase its profit by adjusting the loads at the expense of comfort, which can be characterised by different types of functions such as the quadratic function (Chen et al., 2012; Coogan et al., 2013; Deng et al., 2013) , the power function , and the linear weighted function (Mohsenian-Rad and Leon-Garcia, 2010; Song et al., 2014) . To characterise the discomfort caused by load adjustment, we denote the cost function
Then, the consumer response can be denoted as
where p r is the price for purchasing the load adjustment. From equation (5), we can obtain the load adjustment of consumer i:
The total load adjustment are the sum of the load adjustment of individual consumers, i.e.,
where g(p r ) is the consumer response and can be approximated to the different types of functions of the price according to the types of the discomfort functions. Substituting equation (4) into equation (1), we obtain
Remark 1: In the system model, we assume the consumers can provide the power regulation without the constraints of the energy capacity, because the errors in the load following are not large in general. Thus, the average load adjustment of each consumer cannot exceed the energy capacity.
Pricing strategy
The objective of the utility company is to minimise its operating cost C(p r ) by setting the optimal price to purchase the demand-side regulation service. The cost minimisation problem can be formulated as
In general, the cost function C(p r ) is nonconvex. We use the forward method (Shang et al., 2002) and golden section algorithm to obtain the optimal price (p r ) * . The forward method is an effective algorithm to seek the unimodal intervals of a multimodal function, and the golden section method is used to seek the optimal solution in each unimodal interval. Then, the globally optimal solution is determined by comparing the locally optimal solutions in all the unimodal intervals. The forward method and golden section algorithm are data driven, i.e., the algorithm only requires the prices and the consumer responses to search for the globally optimal solution without knowing the consumer-response function, which is easy to be implemented in a real power system. The implementation of the forward method and golden section algorithm are shown in Figure 3 . The utility company announces the prices to the consumers and observes the consumer responses. Comparing the different responses to the selected prices, the utility company can use the forward method and golden section algorithm to obtain the globally optimal price. In practice, the convergence speed of the algorithm is an important factor, because each iteration requires to exchange the price and response between the consumers and the utility company. Therefore, increasing the convergence speed of the algorithm can reduce the communication overhead and the times of consumer response. In Section 5, we will evaluate the convergence speed of the algorithm in detail. Next, we give the pseudocode of the forward method and the golden section algorithm in subsections A and B, respectively. 4 Case study A temperature-priority control strategy in He et al. (2015) was used in the case study. The aggregated loads are ordered by their indoor temperatures. The 'on' loads with lower indoor temperatures have higher priority to turn off, and the 'off' loads with higher indoor temperatures have higher priority to turn on. Then the loads will be turned on or off in sequence until the loads can follow the reference signal that combines the AGC signal with the baseline load. The packets loss rate P r is assumed to be 5%, and the tracking error distribution of the load control strategy is obtained from the MATLAB and EasyFit software. It is obtained that the tracking error follows the normal distribution, where µ is the expectation and σ is the standard variance. We assume the reliability index δ is 0.99, and thus it is necessary to purchase µ + 3σ regulation services to guarantee the reliability, i.e., the probability of providing the regulation service is larger than 99%, because there exists Considering the actual operation of the generating units, we assume p d = 20$/MW, C 0 = $1000, σ = 35.5 and µ = 0.8. Then, the fitting curve is obtained from MATLAB, as shown in Figure 4 , and the cost function
The forward method
As shown in Figure 5 , three types of consumer-response functions are used, i.e., the concave function, the sigmoid function, and the convex function. The first type of consumer-response function is defined as
which is a concave function, where f and b are positive coefficients. The regulation cost function C(p r ) is a unimodal function, as shown in Figure 6 . Thus, the golden section algorithm can be used to obtain the globally optimal price (p r ) * =2.59$/MW. The second type of consumer-response function is defined as
which is a sigmoid function, where h and b are positive coefficients. The regulation cost function is a multimodal function, as shown in Figure 7 . In that case, we can use the forward method to divide the multimodal cost function into several unimodal functions and obtain the locally optimal prices (p r ) * of each unimodal function using the golden section algorithm. Then, the globally optimal price is obtained by comparing the locally optimal price of each unimodal function. From Figure 7 , we observe that the first unimodal interval is [3.00, 6.51], the second unimodal interval is [6.51, 10.74 ] by using the forward method, and the globally optimal price is 9.71$/MW. The first interval
The second interval
The third type of consumer-response function is defined as
which is a convex function, where m and n are positive coefficients. The cost function with the third type of consumer-response function is also multimodal, as shown in Figure 8 . Using the forward method, we obtain the first unimodal interval [2.00, 4.35], the second unimodal interval [4.35, 10.52] , and the globally optimal price is 9.61$/MW. For the first type of consumer-response function, we only need to use the golden section algorithm to obtain the optimal price, however, for the second and the third type of consumerresponse functions, we obtain the optimal price by using the forward method and the golden section algorithm. Next, the convergence of the golden section algorithm in a unimodal interval is discussed. The convergence results are shown in Figures 9-11 when ϵ is set to 0.01, and the relationship between the iterations and ϵ is given in Figure 12 . We observe that the convergence errors can be bounded by 0.1 within 10 iterations, which releases the communication overhead in practice. The regulation cost without and with consumer participation (CWOC and CWC) are shown in Table 1 , from which we observe that the cost is significantly reduced. Specifically, the cost reduction is 95.21%, 94.17%, and 93.51% for the first, second, and third type of consumer-response functions, respectively. Remark 2: In the case study, we use three types of consumer-response functions to show the effectiveness of the forward method and the golden section algorithm. In practice, the consumer-response function is not necessary to be known, because the forward method and the golden section algorithm do not need the analytical expression of the consumer response.
Remark 3: The parameters in the consumer-response functions are randomly chosen. In fact, the forward method and the golden section algorithm can apply to any consumerresponse models, because the search process of the method is not restricted to the parameters. 
Conclusions
In this study, a pricing strategy is proposed to purchase the load adjustment of the consumers in order to reduce the cost of the utility company. The cost of purchasing the regulation service is divided into the payments to the consumers and the cost of the utility company. We formulate the cost of multiple generating units, the payments to consumers, and the regulation cost. In general, the cost function is nonconvex, we utilise the forward method and the golden section algorithm to obtain the globally optimal price. In the case study, three types of consumer-response functions are used to formulate the cost function, and the optimal prices are obtained by using the forward method and the golden section algorithm. Furthermore, the convergence speed of the golden section algorithm is evaluated. It is observed that the cost of the utility company is significantly reduced using the optimal pricing strategy. In practice, some of the consumers may not respond to the price, and the consumers' participation shows uncertainty. In the future work, we will take the uncertainty factors into consideration and formulate a stochastic optimisation problem. Robust optimisation is a promising method to solve this kind of problem. Another extension is to formulate the cost minimisation problem of multiple utility companies. Distributed optimisation method can be used to obtain the pricing strategy. 
